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Abstract 
In this work a monolithic silicon optocoupler platform for bio-chemical sensing is presented. The uniqueness of the 
platform relies on its radical design that integrates all passive and active elements of an optical transducer on a single 
silicon chip fabricated with standard microfabrication techniques. The versatility of the platform has led to three 
different embodiments for various detection schemes and bio-chemical sensing applications that apart from the low 
detection limits offer the advantage of multi-analyte multiplexed label-free determinations. The presented platform ± 
fully- CMOS-compatible and unique in its kind- can pave the way for truly portable, low-cost optical biochemical 
sensors. 
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1. Introduction 
During the past few years the development of miniaturized and more powerful analytical tools for  
diagnostic and pharmaceutical applications as well as for point-of-care or in-situ monitoring systems has 
evolved into a highly-paced research filed both in the academic and the industry sector. The recently 
developed optical sensing devices have managed to offer robustness and reliability, while they have 
exhibited the anticipated high sensitivity that a high-caliber analytical and diagnostic tool should possess 
[1,2,3]. Despite the recent advances in  the performance of optical biosensors, the inclusion of the 
excitation light-source to the sensing system has been either achieved through hybrid integration (an 
elaborate and expensive task of low-yield) or through the use of bulky external optical components which 
add to the size and complexity of the system. As a result, silicon biophotonic sensors suffer by the 
bulkiness, the complexity of the read-out setup and the inability to become truly portable, and therefore 
have been so far excluded from the arena of commercialized sensors. 
In this work, an innovative all-silicon optelectronic platform is presented which has achieved the 
ultimate degree of integration of all active (namely the light source and detector) and passive components 
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of an optical transducer on a single chip. Apart from the monolithic integration of all components, the 
platform offers the ability of multiplexed multianalyte label-free detection of analytes on disposable chips, 
while being a versatile tool that can be applied into a plethora of detection schemes according to the 
analytical requirements per application. 
 
Nomenclature 
 
MZI        Mach-Zehnder Interferometry 
FR-MZI  Frequency-resolved Mach-Zehnder Interferometry  
LED Light-Emitting Diode 
LOD  Limit of Detection 
PD Photo-Detector 
2. Monoltihic Silicon Optocouplers 
The patented basic scheme of the monolithic optoelectronic platform is shown in Figure 1a.  The basic 
optocoupler [4] consists of a silicon light emitting diode (LED), a p/n junction detector (PD) and a self- 
aligned silicon nitride±based waveguide. The LED is a silicon avalanche diode emitting in a wide range 
of the VIS-NIR (500-900nm)  when biased beyond its breakdown voltage as a result of electron-hole 
micro-plasma formation in the space charge region of the p/n junction. Specially designed spacers provide 
for the smooth bending of the fiber at its end points and toward the light source and the detector ensuring 
high coupling efficiency. The optical transduction is based on the interaction of the evanescent field of the 
propagating modes with the moieties that can exist over the planar waveguide. This interaction leads to a 
change in the number of photons propagating through the waveguide, and thus a change in the recorded 
photocurrent.  This basic scheme can be easily extended to an array of LEDs coupled to either their own 
individual phtotodetectors, or sharing a common one, as in fig.1b. The array has been successfully 
implemented as a real-time affinity biosensor in several detection schemes  and especially in the detection 
of the BRCA1 gene mutations related to breast cancer [5]. 
 
 
 
 
 
 
 
 
 
Fig. 1. (a) Schematic representation of the silicon monolithic optocoupler. 1: avalanche LED; 2: planar waveguide; 3: PD; 4: 
spacers, and 5: top cladding layer. (b) Optical microscope image of an array of 9 optocouplers  (seen as squares on the left) sharing a 
common PD (square on the right). The spiral is an open SU-8 meandering microluidic channel. 
(a) (b) 
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3. Frequency-resolved Mach-Zehnder Interferometers 
The basic scheme of the optocoupler has been further extended to the  realization of a novel biochip 
based on an array  of the newly developed Frequency-Resolved Mach Zehnder Interferometers (FR-
MZIs) [6]. In general, biomolecular reaction detection in Mach-Zehnder devices relies on the phase 
change occurring due to the binding of biomolecules on the surface of the sensing arm and can be in 
principle label-free. FR-MZI extends this basic principle of standard single-wavelength MZI by 
H[SORLWLQJWKHEURDGHPLVVLRQVSHFWUXPRIWKHRSWRFRXSOHU¶VDYDODQFKH/('VRIIHULQJWKXVORZHUOLPLWVRI
detection, higher resolution and more accurate biological determinations [7] . This novel biochip exploits 
the fabrication principles of an all-silicon monolithically integrated optocoupler, and contains 10 
independent FR-MZIs on a single silicon chip reaching the highest-level of integration and 
miniaturization achieved so far (fig.2a, chip size ~50 mm2). An additional advantage of FR-MZI is that a 
single optical chip design can be used interchangeably for a variety of bio/chemical determinations as 
well as refractometric measurements, becoming thus an extremely versatile analytical tool. The LOD in 
terms of refractive index changes of the FR-MZI biochip has been up as low as ǻQ î-6  (fig. 2b).  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. (a) Photograph of an encapsulated FR-MZI biochip inside its measuring apparatus probe head  and (b) Sensitivity plot of the 
FR-MZI biochip for refractive index changes of liquids in contact with the sensing arm. 
4. Fully-integrated Optoelectromechanical Transducers 
The optocoupler was further modified into a monolithically-integrated  optoelectromechanical transducer 
fabricated by mainstream silicon processes and featuring the fusion of cantilever-based sensing and 
integrated Si photonic sensors. Its design [8] includes the monolithic integration onto the same Si chip of 
all optical and mechanical components, namely the light source, a disrupted optical waveguide and the 
photodetector. The Si3N4 waveguide of the basic transducer scheme is patterned by lithography as well 
as dry and wet etching steps and transformed into two suspended, end-to-end coupled cantilevers with 
greatly uneven suspended lengths. They act as a photonic switch: light passing through the first cantilever 
propagates through a sub-ȝPJDSDQGGHSHQGing on the cantilever vertical alignment,  is collected by the 
receiving one. A bio/chemical or physical interaction on the functionalized surface of the swing arms 
PRGLILHV WKH VWUHVVHV FDXVLQJ WKH DUP¶V EHQGLQJ HVSHFLDOO\ LQ WKH ORQJ RQH7KHUHIRUH WKH FDQWLOHYHUV¶
optical overlap is modified and in turn the photocurrent detected by the PD is altered. In that sense  the 
cantilevers act both as sensing elements and optical transducers (fig. 3a).  The developed transducer has 
been used for the in-situ monitoring of volatile organic compounds. A PMMA film on top of the nitride 
cantilevers acted as the strain generating layer of the bimorph. Upon introduction of organic vapors, the 
PMMA swelling due to absorption of the organic molecules caused the cantilevers to deflect from their 
original position. This resulted into photocurrent changes closely related to the concentration of the 
vapors,  as shown in fig. 3b. The resolution capabilities of the transducer were as low as 50ppm (inset fig. 
3b).  
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Fig. 3. (a) Schematic representation of the all-Si photonic transducer concept: the light emitted from the integrated VIS/NIR LED 
propagates through the cantilever/waveguides and is detected by the photodetector, integrated on the same Si chip. (b) Real-time in-
situ monitoring of methanol vapors. Inset: response to small changes of methanol concentration down to 50ppm resolution 
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